Allogeneic bone marrow transplantation (BMT) may offer the only chance of cure for children with acute myeloid leukemia (AML) in second complete remission (CR2) or with relapsed disease, but the outcome of these patients has not been clearly defined. We conducted a retrospective study of 58 children, median age 7.4 years (range 0.8-17.3), who received matched related or unrelated BMT at our institution for AML in CR2 (n ¼ 12), in untreated first relapse (n ¼ 11) or with refractory disease (n ¼ 35), to identify risk factors associated with disease-free survival (DFS). Life threatening to fatal regimen-related toxicity was observed in 22% of patients. Estimates of DFS at 5 years (95% confidence interval) for patients in CR2, with untreated first relapse and refractory disease were 58% (27-80%), 36% (11-63%) and 9% (2-21%), respectively. Non-relapse mortality estimates were 0%, 27% (0-54%) and 17% (5-30%), and relapse estimates were 42% (14-70%), 36% (8-65%) and 74% (60-89%), respectively. Advanced disease phase and cytogenetic abnormalities at the time of transplantation were each associated with decreased DFS and increased relapse in multivariable regression models. Survival for children transplanted in CR2 or untreated first relapse is higher than that previously reported, but relapse remains the major cause of treatment failure regardless of disease stage.
Summary:
Allogeneic bone marrow transplantation (BMT) may offer the only chance of cure for children with acute myeloid leukemia (AML) in second complete remission (CR2) or with relapsed disease, but the outcome of these patients has not been clearly defined. We conducted a retrospective study of 58 children, median age 7.4 years (range 0. 8-17. 3), who received matched related or unrelated BMT at our institution for AML in CR2 (n ¼ 12), in untreated first relapse (n ¼ 11) or with refractory disease (n ¼ 35), to identify risk factors associated with disease-free survival (DFS). Life threatening to fatal regimen-related toxicity was observed in 22% of patients. Estimates of DFS at 5 years (95% confidence interval) for patients in CR2, with untreated first relapse and refractory disease were 58% (27-80%), 36% (11-63%) and 9% (2-21%), respectively. Non-relapse mortality estimates were 0%, 27% (0-54%) and 17% (5-30%), and relapse estimates were 42% (14-70%), 36% (8-65%) and 74% (60-89%), respectively. Advanced disease phase and cytogenetic abnormalities at the time of transplantation were each associated with decreased DFS and increased relapse in multivariable regression models. Survival for children transplanted in CR2 or untreated first relapse is higher than that previously reported, but relapse remains the major cause of treatment failure regardless of disease stage. Allogeneic bone marrow transplantation (BMT) has been used for the past three decades as treatment for childhood acute myeloid leukemia (AML). Recent reports from cooperative group studies suggest that compared to chemotherapy alone, BMT from an HLA-identical sibling offers a survival advantage for children with AML in first complete remission (CR). [1] [2] [3] [4] However, less than one-third of children have a sibling donor, and nearly 50% of patients relapse after achieving a first CR with chemotherapy alone. [5] [6] [7] About 50% of children who receive re-induction chemotherapy for a first relapse achieve a remission, and their probability of a second relapse is in excess of 75%. [6] [7] [8] [9] For children with AML beyond first CR, allogeneic BMT may offer the only chance for cure, but the clinical outcome of these patients has not been clearly defined.
Several prognostic factors have been associated with an increased risk of relapse and mortality after BMT for patients with AML, including white blood cell count and cytogenetic abnormalities at the time of diagnosis, duration of first CR, history of extramedullary disease (EMD), age and phase of disease at transplantation and cytomegalovirus (CMV) seropositivity.
9-14 These associations have not been thoroughly studied in children with advanced AML. Studies published to date on outcome of BMT for children with AML beyond first CR contain data from a relatively small number of these patients combined with other childhood diseases or with adult patients, making interpretation difficult. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Survival for children transplanted for AML beyond first CR is reported to be less than 40%. Compared to patients with AML in first CR, patients with more advanced disease are reported to have increased transplant-related morbidity and mortality. 14, 22 The main objective of this study was to analyze the outcome of children who received an allogeneic BMT for AML beyond first CR, and to identify risk factors associated with failure of disease-free survival (DFS). We also report transplant-related morbidity including regimen-related toxicity (RRT) and graft-versus-host disease (GVHD).
Patients and methods

Patients
This retrospective study included pediatric patients consecutively admitted to the Fred Hutchinson Cancer Research Center (Seattle, WA, USA) for allogeneic BMT between January 1990 and December 1999. Patients included were younger than 18 years at the time of transplant, had AML beyond first medullary CR and received a first BMT from a related or unrelated donor. Recipients of peripheral blood stem cells or umbilical cord blood and children with Down's syndrome were excluded from this study. Data were analyzed as of December 2003. A total of 19 patients had been previously reported as part of a study of unrelated donor BMT for children and adults with AML. 13 Five patients had been reported on a previous study of AML in children younger than 2 years. 14 The initial diagnosis of AML was made at the referring institution and was confirmed at our institution by review of diagnostic bone marrow examinations. Disease subtypes were classified using the French-American-British (FAB) system. 23 Therapy at diagnosis and subsequent re-induction chemotherapy regimens varied among referring institutions. Phase of disease at the time of BMT was determined by histopathologic examination and cytogenetic analysis of bone marrow and cerebrospinal fluid performed no earlier than 2 weeks prior to transplantation. Patients were considered in second complete remission (CR2) if they had less than 5% blasts in a normocellular bone marrow and normal peripheral blood counts after re-induction chemotherapy. Patients who had greater than 5% marrow blasts after a first CR and had not received re-induction chemotherapy were considered as in untreated first relapse, and those with greater than 5% marrow blasts who failed to achieve remission after therapy were considered to have refractory disease. This latter group included patients with disease persisting from initial diagnosis to after at least 3 months of chemotherapy (primary refractory AML), and patients with ongoing relapse who had achieved a CR (persistent relapse). Results of marrow cytogenetic studies at initial diagnosis and at the time of transplantation were available for all patients, and classified as normal or abnormal. Cytogenetic abnormalities were classified as favorable if t(8;21), t(15;17) or inversion 16 was present, unfavorable if involving 11q23 abnormalities or monosomy 7, and indeterminate for all other abnormalities.
14,24 EMD was considered present if there were active site(s) or previous history of nonmedullary involvement at the time of BMT.
Treatment
Transplant preparative regimens varied depending on the stage of disease, type of donor used and protocols active at the time of transplantation. Regimens included busulfan and cyclophosphamide, or cyclophosphamide with 12-15.75 Gy of total body irradiation (TBI). Oral busulfan was administered at a dose ranging from 16 to 28 mg/kg divided in 16 doses over 4 days, as previously described. 25 Cyclophosphamide was administered at a total dose of 120 mg/kg intravenously over 2 days. Patients with previous history of central nervous system (CNS) disease received two pretransplant doses and four post transplant doses of intrathecal methotrexate. Patients with active EMD at the time of transplant received local radiation in addition to TBI in the preparative regimen, with total radiation doses ranging from 10 to 24 Gy for cranial and 4 to 20 Gy for other sites. The Institutional Review Board approved all transplant and research study protocols.
Testing for donor-recipient histocompatibility was performed at the FHCRC Clinical Immunogenetics Laboratory using methods previously described. 26, 27 Mismatched related donors were family members matched at HLA-A, -B and -DR/DRB1 in one haplotype, and not matched at one to three antigens on the second haplotype. Unrelated donors were either matched by serology at HLA-A, -B and -DR/DRB1, or mismatched at one single HLA locus either within the same crossreactive group for HLA-A and -B or within the same -DR specificity. All patients received unmanipulated bone marrow collected and infused using established methods. 28 GVHD prophylaxis consisted of methotrexate with or without cyclosporine, depending on the treatment protocol used at the time. Methotrexate alone was given as 15 mg/m 2 on day 1 and 10 mg/m 2 on days 3, 6, 11 and weekly until day 102 after BMT. The combination of cyclosporine and methotrexate was given as previously reported. 29 A short course of four doses of methotrexate was given as 15 mg/m 2 on day 1 and 10 mg/m 2 on days 3, 6 and 11. Cyclosporine was initiated the day prior to the marrow infusion, targeting serum levels between 150 and 450 ng/ml. In patients with no evidence of GVHD, cyclosporine was slowly tapered starting on day 50 until approximately day 180. All patients had central venous access catheters and received nutritional support with parenteral hyperalimentation. Infection prophylaxis varied according to standard practices in place at the time of BMT, and consisted of single conventional or laminar airflow rooms, broadspectrum antibacterial prophylaxis during neutropenia and, from 1992, fluconazole for fungal prophylaxis and gancyclovir for CMV prophylaxis. Patients remained hospitalized from the time of initiation of conditioning until achievement of engraftment and resolution of acute transplant-related complications.
Statistical methods
Neutrophil engraftment was defined as the first of three consecutive days with an absolute neutrophil count greater than 500 cells/ml. Platelet engraftment was defined as the first of three consecutive days with a platelet count greater than 20 000/ml following seven consecutive days without a platelet transfusion for a platelet count less than 20 000/ml. Life threatening to fatal RRT was defined as organ toxicity not attributable to GVHD or infection, and of grade 4 or greater according to the National Cancer Institute Common Toxicity Criteria, version 2.0. 30 Acute and chronic GVHD were diagnosed and graded using methods previously described. 28, 31, 32 Estimates of overall survival and DFS were obtained using the method of Kaplan and Meier. 33 The first to occur of relapse or death was considered as failure for the end point of DFS. Cumulative incidence estimates were used to summarize the probabilities of chronic GVHD, relapse and nonrelapse mortality (NRM). 34 Death without GVHD and relapse were considered as competing risks for GVHD and relapse, respectively. Relapse was considered a competing risk for NRM. Simple proportions were used to estimate the probabilities of acute GVHD and RRT. Cox regression models were fit for the end points DFS, relapse and chronic GVHD, and logistic regression models were fit for RRT and acute GVHD. Linear regression was used to model engraftment among patients who engrafted. Explanatory variables examined for the regression models included patient age and gender, presence of cytogenetic abnormalities at diagnosis and at BMT, presence of EMD, time from diagnosis to CR, duration of first remission (ie time from diagnosis to first relapse), time from diagnosis to BMT, phase of disease at BMT, donor type, CMV serologic status of patient and donor, preparative regimen, GVHD prophylaxis and marrow cell dose. All reported two-sided P-values from regression models were derived from the Wald's test. Model improvement with the addition of a variable was assessed using the likelihood ratio test. No adjustments were made for multiple comparisons.
Results
Patient characteristics
Characteristics of the 58 patients studied are summarized in Table 1 . The majority of patients had refractory disease at the time of BMT; 18 patients had primary refractory AML and 17 had persistent relapse. Age at transplantation, sex, FAB classification, EMD, duration of first remission, donor type, CMV serologic status, preparative regimen, GVHD prophylaxis and marrow cell dose were distributed similarly among patients in CR2, untreated first relapse and refractory disease. The marrow source was a mismatched relative or unrelated donor in 67% of cases. Most patients received a TBI-containing regimen (84%) and GVHD prophylaxis with cyclosporine and methotrexate (78%). The TBI dose was 12 Gy in five patients, 14.4 Gy in 35 patients and 15.75 Gy in nine patients.
Marrow cytogenetic abnormalities at the time of transplantation were present more commonly in patients with refractory disease (69%) compared to patients in CR2 (25%), P ¼ 0.008. Abnormal cytogenetics was of favorable subtype in 3% of cases, unfavorable in 29% and indeterminate in 68% of the cases. Unfavorable cytogenetics was not observed in patients in CR2, and was present in 9% of those in untreated first relapse and in 22% of those with refractory disease. High disease burden, as evidenced by X25% marrow blasts or presence of circulating blasts, was seen in 33% of patients in untreated first relapse and in 57% of the patients with refractory disease (P ¼ 0.185). The median time from diagnosis to first relapse was 7 (2-32) months. Patients in untreated first relapse had a shorter time from diagnosis to first relapse than patients in CR2 or other refractory relapse (572 vs 1077 months, P ¼ 0.03). Of the 12 patients in CR2, 25% proceeded to BMT within 12 months after diagnosis compared to 74% of patients with refractory disease and all of the patients in untreated first relapse (P ¼ 0.0003). Patients in untreated first relapse proceeded to transplant at a median of 5 months (range 2-10) compared to a median of 11 months (range 2-55) for those in refractory relapse, P ¼ 0.06. Time from diagnosis to first relapse and time from diagnosis to BMT were highly correlated (R ¼ 0.67, Po0.0001).
Engraftment and RRT
Of the 58 patients, 55 (95%) experienced neutrophil engraftment at a median of 20 days (range 12-30). The only variable significantly associated with time to engraftment was presence of EMD, where patients with EMD had an average time to engraftment 2.6 days longer than patients without EMD (P ¼ 0.04). Two patients died with an absolute neutrophil count of 0 cells/ml, on days 18 and 29 from persistent disease and multiorgan failure, A total of 13 patients (22%) experienced RRT. The most common severe toxicities observed were mucositis, venoocclusive disease of the liver and cystitis (Table 2) . A total of 11 of the RRT events occurred among the 35 (31%) patients transplanted with refractory disease, while a single RRT occurred both among the 12 (8%) patients transplanted in CR2 and the 11 (9%) patients transplanted in untreated first relapse. Although no factors were significantly associated with the development of RRT, the analysis suggested that patients transplanted with refractory disease were more likely to experience RRT than patients in CR2 or with untreated first relapse (odds ratio (OR) ¼ 4.8, 95% confidence interval (CI) 1.0-24.2, P ¼ 0.06). In all, 12 of 49 (24%) patients who received TBI developed RRT compared to one of nine (11%) patients who did not receive TBI, but this difference was not statistically significant (OR ¼ 2.6, 95% CI 0.3-22.9, P ¼ 0.39). Only one of the seven patients who received additional cranial radiotherapy for active CNS disease at the time of BMT experienced RRT.
GVHD
A total of 46 (79%) patients developed grade II-IV acute GVHD, 25 (43%) had acute GVHD of grade II, 19 (33%) grade III and two (3%) grade IV. No factors were significantly associated with the probability of grade II-IV or III-IV acute GVHD. Recipients of alternate donor marrow had somewhat higher odds of grade III-IV acute GVHD compared to recipients of matched-sibling donor marrow, but the difference was not significant (OR ¼ 1.9, 95% CI 0.6-6.4, P ¼ 0.30). Similarly, the odds of grade III-IV acute GVHD were not significantly different in patients who received TBI compared to those who did not (OR ¼ 2.4, 95% CI 0.4-12.7, P ¼ 0.31), and in patients over 10 years of age compared to 10 years or younger (OR ¼ 1.9, 95% CI 0.6-5.6, P ¼ 0.27). A longer time from diagnosis to transplant was also not statistically significantly associated with an increased probability of grade III-IV acute GVHD (P ¼ 0.12).
A total of 28 patients developed chronic GVHD for an estimated 2-year probability of 0.48. Table 3 summarizes a multivariable model for chronic GVHD. The only significant risk factor for the development of chronic GVHD was time from diagnosis to transplant. The risk of chronic GVHD increased 1.6-fold (95% CI 1.3-1.96) for every year passed from diagnosis to transplant. There was no correlation between time from diagnosis to transplant and time to first CR, duration of first remission, phase of disease or donor type. Recipients of TBI-containing regimens were 6.8 times (95% CI 0.9-51.3) more likely to develop chronic GVHD than recipients of non-TBIcontaining regimens (P ¼ 0.06). The presence of acute GVHD did not have a qualitative effect on this association. 
DFS, relapse and nonrelapse death
In all, 15 patients are disease-free survivors, 4-13 years after BMT, with a median follow-up of 9 years. A total of 43 patients died by date of last contact, and 34 (79%) of relapse after transplant. One patient relapsed and survives in remission after a second BMT. The estimated DFS at 5 years for all patients was 24% (95% CI 14-36%). The estimates of DFS at 5 years for patients in CR2, untreated first relapse and refractory disease were 58% (95% CI 27-80%), 36% (95% CI 11-63%) and 9% (95% CI 2-21%), respectively (Figures 1-3) . There was no difference in DFS between patients with primary refractory disease and those with persistent relapse (14 vs 6%, P ¼ 0.316). Table 3 summarizes a multivariable regression model for failure for the end point DFS. Patients in CR2 had a superior DFS compared to those with refractory disease (P ¼ 0.008).
Patients with abnormal cytogenetics were 2.7 times more likely to die or relapse than those with normal cytogenetics (P ¼ 0.003). Other variables such as type of donor (P ¼ 0.32), type of GVHD prophylaxis (P ¼ 0.10) or EMD (P ¼ 0.15) did not significantly improve the regression model for DFS summarized in Table 3 . Patients with untreated first relapse or refractory disease who also had high disease burden were 1.7 times more likely to die or relapse than those with untreated first relapse or refractory disease without high disease burden. Neither marrow cell dose nor CMV serologic status of patient and donor was associated with DFS. A total of 35 patients relapsed within 15 months after BMT. Estimates of the probability of relapse at 5 years are 42% (95% CI 14-70%), 36% (95% CI 8-65%) and 74% (95% CI 60-89%) for patients in CR2, untreated first relapse and refractory relapse, respectively. Because the majority of failures for the end point DFS were due to relapse (35 of 44), the results of regression modeling for relapse lead to the same qualitative conclusions as modeling for DFS (Table 3) . Patients in CR2 (HR 0.3, 95% CI 0.1-0.8, P ¼ 0.02) and patients in first untreated relapse (HR 0.4, 95% CI 0.1-1.0, P ¼ 0.06) were less likely to relapse than were patients with refractory disease. The presence of cytogenetic abnormalities was also associated with a higher risk of relapse (HR 2.7, 95% CI 1.3-5.6, P ¼ 0.008).
Estimates of overall mortality at day 100 and 1-year post transplantation were 27 and 55%, respectively. Nine (16%) patients died from nonrelapse causes (Table 4) . Infection without GVHD was the most common cause of NRM. All the nonrelapse deaths occurred among patients transplanted with refractory disease (six of 35) or untreated first relapse (three of 11). NRM estimates were 0%, 27% (95% CI 0-54%) and 17% (95% CI 5-30%) for patients in CR2, untreated first relapse and refractory relapse, respectively. Comparing patients in CR2 vs all others, this difference is suggestive of an association between phase of disease and NRM (P ¼ 0.06, log-rank test). No other variables were statistically significantly associated with the hazard of NRM, but the power to detect such differences is limited by the small number of events (n ¼ 9). 
Discussion
Survival for children with advanced AML has been reported to be poor with either chemotherapy alone or BMT. 8, [11] [12] [13] 17 Our study suggests that allogeneic marrow transplantation for children with AML in CR2 results in an excellent outcome, with an estimated 5-year DFS of 58%. Previously reported estimates of DFS for children with AML in CR2 range from 40 to 50%. 11, 12, [15] [16] [17] [18] [19] [20] [21] As in our study, these reports included a modest number of patients in CR2. Survival for patients in untreated first relapse in our study is higher than that previously reported. 14, 35 While direct comparisons to previous studies cannot validly be made, we consider the current results to be encouraging. Although time from diagnosis to transplantation was not independently associated with DFS, patients in untreated first relapse proceeded to transplant much sooner than those in refractory relapse, suggesting the presence of more readily available allogeneic donors. This bias could explain in part the difference in DFS between these two groups.
Phase of disease at the time of transplantation and abnormal marrow cytogenetics at the time of BMT were each found to be risk factors for low DFS following transplantation in a multivariable regression model. These findings are similar to those reported by others. 10, 11, 13, 18, 36 The presence of unfavorable cytogenetics at diagnosis has been associated with poor survival after chemotherapy or BMT for children with AML in first CR. 24 The association between poor DFS and unfavorable cytogenetics at the time of BMT in children with more advanced disease found in our study has not been previously described, and should be considered when discussing prognosis and treatment options for these patients. Our analysis confirms the association between high disease burden and poor survival. This finding supports the current practice of attempting cytoreduction before proceeding with transplantation for patients with circulating blasts or extensive marrow disease.
A previous study of marrow transplantation for AML in children younger than 2 years found that EMD at any time before transplantation was associated with poor survival. 14 We did not find this variable to be predictive of outcome in children of all ages with advanced AML, although the power to detect a statistically significant difference was limited due to the relatively small number of events. Previous studies have reported associations between low DFS and marrow cell dose below 3.5 cells Â 10 8 /kg, high disease burden and CMV seropositivity. 13, 37 These studies limited analysis to recipients of unrelated donor marrow and included both children and adults. The median marrow cell dose in our study was 4.4 Â 10 8 /kg, and 60% of patients received a cell dose above 3.5 Â 10 8 /kg. This is likely related to the exclusion of adult patients from our analysis, and may explain in part why we did not find a significant association between this variable and DFS, although the limited power due to the low event rate could have also contributed to the lack of such a difference. We did not find a statistically significant association between CMV seropositivity and DFS. Previous studies that have identified this association included patients transplanted before the introduction of gancyclovir. 13 The majority of patients who were CMV seropositive in our study received prophylactic gancyclovir during the transplant period, possibly contributing to reduced mortality in this patient group. However, the lack of power may have also contributed to the failure to observe an association between DFS and CMV serostatus.
NRM was not observed in the subset of 12 patients transplanted in CR2. The reported incidence of NRM for patients with AML beyond first CR in the current literature ranges from 10 to 50%. [10] [11] [13] [14] [15] As in our study, the number of patients reported has been modest. However, the low incidence of NRM found in our study is encouraging and supports the use of allogeneic marrow transplantation in this patient group. The incidence of life threatening to fatal RRT in our study was 22%. There are no previous studies on this outcome specifically for children with advanced AML. The incidence of RRT reported here is comparable to that seen in children with acute leukemia in general, particularly when considering the large number of alternate donor recipients in the cohort. 1, 13, 18, 22 Previous studies have identified TBI, unrelated donor transplant, low marrow cell dose and transplant in relapse as risk factors for RRT. 22, 38 Our analysis failed to reveal any specific risk factors statistically significantly associated with the probability of RRT, perhaps due in part to the limited number of events.
The incidence of acute and chronic GVHD is similar to that previously reported for patients with AML. 4, 13, 18 Recipients of alternative donor marrow, those older than 10 years or those receiving TBI conditioning had a tendency for a higher probability of grade III-IV acute GVHD. These associations have been previously described, 39, 40 and while the differences observed in our study were not statistically significant, the power to detect such associations was limited. Chronic GVHD was associated with time from diagnosis to transplantation and with Table 4 Causes of death before and after 100 days post transplantation TBI-containing preparative regimens. The association with TBI has been described before and thought to be related to increased inflammatory cytokine production. 41 It is possible that the same mechanism explains the association between chronic GVHD and time to transplantation, since typically patients who wait longer for a transplant receive more cycles of chemotherapy than those who proceed to transplant earlier.
Our study supports allogeneic BMT as therapy for patients with recurrent AML, particularly in earlier disease phases. Despite all the advances in marrow transplantation, survival of children with AML transplanted in refractory disease has not changed significantly since the first recipients of marrow transplantation were reported over two decades ago. 42, 43 Relapse remains the main cause of treatment failure for patients with advanced AML, with mortality occurring mostly within the first 2 years after transplantation. These findings suggest the need to explore novel approaches to treat these patients such as targeted therapies and new preparative regimens. Risk factors for mortality and relapse identified in our study can serve to guide clinicians when providing recommendations for allogeneic BMT in children with AML beyond first CR.
